The comparative analysis of plant hormones was undertaken on a 1-naphthaleneacetic acid tolerant mutant and normal tobacco (Nicotiana tabacum cv Xanthi) plantlets. The mutant plantlet was scrubby and impaired in its root morphogenesis. Degeneration of the root meristem was studied on tissue sections; it appeared very fast (as early as the 3rd or 4th day after sowing), after which the root was further transformed into a callus. Indoleacetic acid (IAA), abscisic acid (ABA), and the isopentenyladenine (iP)-and trans-zeatin(Z)-type cytokinin levels were measured in terminal buds and root tips 13 days after sowing, by enzyme linked immunosorbent assay of high performance liquid chromatography fractions. Some differences appeared between the apical buds of the two genotypes, but the mutant tobacco differed from the wild type mainly by the presence of higher levels of IAA, ABA, and iP + isopentenyladenosine (iPA) in its small root. Thus, the IAA, ABA, and iP + iPA contents were increased by a factor of 15, 7, and 24 times, respectively, in mutant root compared to wild-type tobacco roots. Previous work has shown that the mutation impairs membrane polarization effects induced by auxin at the cell level. The present results would favor the hypothesis that the mutation has also affected the control of growth regulator accumulation in tissues.
Mutant plants, whatever their origin, can be used to obtain a better knowledge about plant physiology. During the last years, different monogenic mutants deficient in (or resistant to) plant growth substances were obtained: to ABA (14) , to IAA (3), to gibberellins (15) , and to cytokinins (2) . Thus, the NAA' resistant tobacco mutant obtained by Muller et al. (23) , which was characterized by its inability to root, provided a new tool to study the process of rhizogenesis.
The aim of this work was to gain knowledge about the hormonal characteristics of the mutant as well as to describe the root degeneration. Therefore, using an immunoenzymic method (16, 20, 25) , we have quantified, in different tissues, the amounts of ABA, IAA, and cytokinins in tobacco seedlings, comparing the wild type with the 'rootless' mutant. We tested the hypothesis that the root degeneration, due to the ' Abbreviations: NAA, 1-naphthaleneacetic acid; ELISA, enzyme linkedimmunosorbent assay;iP, isopentenyladenine; iPA, isopentenyladenosine; Z, trans-zeatin; ZR, trans-zeatin riboside.
mutation, was the result of a hormone deficit or an alteration in plant hormone metabolism.
MATERIALS AND METHODS

Plant Material
Wild-type tobacco (clone D8) and mutant tobacco (clone 36) seeds (Nicotiana tabacum cv Xanthi) were obtained from plants grown in greenhouses (INRA, Versailles, France). The NAA resistant dominant mutant tobacco was selected in vitro from mutagenized population of haploid mesophyll protoplasts (5, 23) .
The seeds were soaked for 20 min in 5% calcium hypochloride aqueous solution and then sown aseptically in glass pots (13 x 10 cm) containing a twice diluted, hormone-free, Murashige and Skoog agar medium (6 
Histological Techniques
Terminal buds and roots of the two genotypes were taken from plantlets between 9:00 and 1 1:00 AM and were dissected under a magnifying glass and the largest leaves were discarded.
The comparative description of the evolution of the root structure was performed during the first five days after sowing. The roots were observed under a stereomicroscope. When they were morphologically homogeneous, two of them were cut for microscopical observations. When morphologies appeared a little different, seven root tips were then cut and their structure compared. At the same time and under the same fixation conditions, root tips of the wild-type tobacco were also looked at in sections. This kinetic study showed a 86 typical root structure (data not shown). For this study, whole seeds and young plantlets were fixed using 5% glutaraldehyde diluted in 0.1 M phosphate buffer (pH 7.4) for 6 h. Impregnation of tissues was improved by applying vacuum for 0.5 h. Tissues were then rinsed in the same buffer supplemented with sucrose (1 g/L) and further submitted to a postfixation in a 2% osmium tetroxide aqueous solution for 2 h. After rinsing, dehydration and impregnation in propylene oxide, each sample was embedded in the Spurr's low viscosity epoxy resin (26). The polymerization was performed overnight at 70°C. Semithin sections (1.0-2.0 ,um thick) were obtained with an ultramicrotome (OMU2, Reichert, Vienna, Austria) equipped with glass knives and the sections were spread on poly-L-lysine treated slides. Staining was performed with 1% aqueous toluidine blue supplemented with sodium borate or with a methylene blue/safranine mixture.
Extraction, Purification, and ELISA Analysis of Plant Growth Substances
The study was performed with terminal buds and root apices (5-10 mm long) since these organs exhibit high growth activity and are generally considered to be rich in hormones (17) . We excised root apices (5 mm France) . Tritiated ZR and iPA were not systematically added to extracts because we had only minute quantities of these radioactive compounds. The methanolic extracts were filtered through a 0.45 gm polytetrafluoroethylen Millipore filter and loaded on Sep-Pak C1 8 cartridges (Waters, Milford, MA) which were eluted with 80% aqueous methanol. The eluate was reduced to a 0.5 mL aqueous phase with a rotary evaporator, adjusted to pH 3.0 with diluted acetic acid, and loaded on to a reverse phase column (ODS C18, Chrompack, The Netherlands). HPLC was performed on a Beckman (Cedar Grove, NJ) 114M HPLC system. The elution solvent was methanol in acetic acid at pH 3.0. Tributylamine (10 mM) was added to improve the separation of cytokinins. The fractions (0.4 ml, 1 min elution time) were collected in 1.5 mL microcentrifuge test tubes (Treff AG, Switzerland) and equally divided in two parts before being reduced to dryness in a Speed-Vac concentrator (Savant, Hicksville, NY). One part was used without post treatment for cytokinin analysis, the other part being methylated with etheral diazomethane for IAA and ABA analysis. Samples corresponding to the elution time of standards were then redissolved with PBS prior to ELISA quantitation and aliquots were also submitted to scintillation counting for recovery measurements. The values were corrected for recovery and the corresponding amounts of recovered standards were deduced from the hormone levels measured in extracts.
The avidin-biotin based solid phase ELISA procedure has been described elsewhere (16, 20) . Anti-ZR and anti-iPA polyclonal antibodies we used (25) also recognized the corresponding bases (respectively, Z and iP). The ELISA method allowed us to quantify Z, ZR, iP, and iPA in plants.
Each hormonal content was determined five times on homologous extracts from a set of three different batches of plants cultured in vitro and the SD was calculated for each experiment. In each experiment, homologous organs were excised from more than 100 plantlets.
RESULTS
Morphological Characteristics
The developmental stage corresponding to 13 d after sowing has been chosen because it corresponded to a notable decrease in leaf organogenesis and to visible signs of root malformation in the mutant. The mutant plantlet was very small. Compared with the wild type, the mutant plantlet was characterized by a low rate of hypocotyl and root growth, by the thickening of the root and by the weak growth of a stem bearing only two visible leaves.
Comparative Structure of Root Apices: Evolution in WildType and Mutant Tobacco Plantlets
A kinetic study of the root structure in mutant tobacco was done in order to establish the time and sequence of root degeneration and to understand why this mutant plantlet was unable to maintain its functional radicle.
Two days after sowing, plantlets from the mutant were comparable to the wild type and showed a normally structured root apex (Fig. 1 ). There was no visible quiescent center in the root meristem and it was characterized by cells with large nuclei and a very dense cytoplasm with only a few small vacuoles. In the distal part of the root, cap initial cells split up and generated two or three differentiated cell layers ( Fig.   1 ).
At 3 d after sowing, the cell number was higher in the wildtype than in the mutant root meristem and cells were more vacuolated, marking the first step of the root apex degeneration (Fig. 2) . Vascular cylinder differentiated in the elongation zone above the meristem and showed lignified vessels at about 200 ,um from the root tip, i.e. very close to the few meristematic cells. Moreover, there was an hypertrophy of cortical cells.
At the 4th day, no meristem could be distinguished and we noticed the beginning of hypertrophy and disorganization of root cap and cortical cells in mutant plantlet. Furthermore, pericyclic cells showed a mitotic reactivation.
The 13th day after sowing, the normal tobacco possessed a typical root apex structure (Fig. 3) with a quiescent center containing a small number of vacuolized cells. This quiescent center was surrounded, on one side, by the cap with large differentiated cells and, on the other side, by meristematic cells constituting the more active part of the meristem with many cells in mitosis. Conversely, the apical structure of the mutant plantlet root was abnormal (Fig. 4, a and b also disorganized. In provascular tissue, the early differentiated first vessels reached the root tip (Fig. 4a) . The pericyclic cells continued to divide and this activity resulted in the callus structure later observed. These cells can be clearly seen in tangential sections (Fig. 4b) . We also noticed a very important alteration of cortical cell arrangement (Fig. 4, a and b) . These hypertrophied cells were often filled with substances as found during a lysigenesis process and characterized by the formation of lacuna between them (19). Superficial cells generated numerous superficial hairs.
To conclude, although the terminal bud of the tobacco mutant was only characterized by the slowing down of the leaf organogenesis compared with the rate of phyllogenesis in the wild-type plantlet, the very fast structural loss of the root meristem integrity (as early as the third or fourth day after sowing) was by far the main modification shown by this mutant.
Curiously, the inability of the scrubby mutant plantlet to form roots was accompanied by an increase of the mitotic activity in the degenerated root, leading to the formation of a callus.
Comparative Determination of Hormone Levels in WildType and Mutant Shoot Tips and Roots
One experiment out of the three replications was presented here. Within these three replicates, some differences in cytokinin values were found, but relative hormone levels were very similar in the organs of the two genotypes. We selected the experiment corresponding to a better HPLC separation of cytokinin bases and ribosides due to an improvement of the elution gradient.
IAA Content in Normal and Mutant Plantlets
Results grouped in Table I showed that the terminal bud of the wild type contained about seven times more IAA than the root apices. In the mutant tobacco, however, it was about half that of the abnormal root.
No significant difference appeared between terminal buds of the wild type and mutant tobacco given the precision of the ELISA method we used (SE of the mean within 6.3% to 11.5% range). However, we detected about 15 times more IAA in the roots of the mutant plantlets than in the normal root apices. 
ABA Content
Higher ABA levels were measured in terminal buds than in roots of the two tobacco genotypes (Table I ). The normal plantlet bud tips showed five times more ABA than the root tips. The difference between the top and the base of the small mutant plantlet was significant but lower than in wild tobacco (a twofold increase ABA content in the terminal bud).
The terminal bud as well as the root of mutant tobacco contained more ABA than wild-type homologous organs. The significant difference between terminal buds of the two genotypes clearly appeared: twice more in the mutant plantlet. ABA was seven more times concentrated in the small mutant root than in wild tobacco roots. Therefore, the mutant tobacco was distinguished from the wild-type mainly by the highest levels of IAA and ABA in its small roots.
Cytokinin Content iP-Type Cytokinins
As shown in Table I , shoot tips of the wild-type tobacco contained about twice as much iP as found in the root. The mutant's disorganized root, however, was richer in iP-type cytokinins than the shoot tip (x4). Furthermore, the mutant bud tip contained more iP in comparison with the same organ of the wild type (5 times more). But, the highest difference we noticed was between roots of the two genotypes: the mutant root contained about 40 times more iP than the wild type.
The same iP level differences between organs of the two tobacco genotypes were obtained for the riboside-type cytokinins, except for the mutant plantlet in which no difference in iPA content was observed in the two organs studied. Otherwise, the mutant root showed only 9 times more iPA than the homologous part of the wild tobacco.
In relation to the iP and iPA total values, we have to notice that, in the wild-type tobacco, terminal buds contained a little more (according to the standard deviations) iP-type cytokinins than the root. Contrary to this, the mutant root showed a threefold increase in iP + iPA content compared to the values measured in the terminal bud.
Significant differences between the two genotypes were evidenced: iP + iPA contents were higher in terminal buds as well as in roots of the mutant plantlet than in wild-type tobacco (respectively, x4 and x24). Thus, the most significant difference in iP + iPA levels we noted was in the roots. There was a very low iP + iPA level in the root of the normal tobacco.
Z-Type Cytokinins
Whatever the organ studied, we detected only very low levels of zeatin that could be accurately measured even with the very sensitive immunoassay we used. There was also very low ZR levels, except in the mutant shoot tips. Unlike the iPtype cytokinin levels, the mutant terminal bud contained more ZR than its little root. The rootless mutant tobacco showed more endogenous cytokinins than the wild-type one.
DICUSSION Histological Characteristics of Mutant Tobacco
We have shown that the gradual root meristem degeneration during the first 3 d after seed sowing led to a complete disorganization by the 4th day. The root tip did not contain any meristematic cells and the cap was limited to one or two cell layers. At the same time, we noticed a high pericyclic activity and precocious xylem differentiation. The pericyclic cells were unable to produce new roots but were responsible for nodule formation (figures not shown). These nodules were arranged on each side of the central cylinder and generated a callus about 40 d after sowing. We verified here that the root meristem appeared to play a regulatory role in root elongation (1 1). The absence of meristem could provoke an hypertrophy of the quiescent center. Moreover, Vasil (27) has shown that the exogenous IAA favors the vacuolation in cells of the meristematic region, disorganization of this region of the root tip and, also, will induce vascular differentiation up to the tip and reactivate the pericyclic cells.
The results of our structural analysis suggest that the root meristem degeneration could be due to an alteration in the hormonal equilibrium. This hypothesis was tested by measurement of the phytohormone content of wild-type and mutant plants.
Comparison of Hormonal Status of the Two Genotypes
IAA Levels
We have shown a small differential repartition in IAA content between the top and the base of the scrubby mutant plantlet in comparison with wild-type tobacco. But it is most noteworthy that the mutant tobacco differed from the wildtype plantlet by its very high IAA levels in its short root (15 times more). This NAA resistant mutant was able to tolerate a toxic auxin concentration but its primary root was unable to grow and to be the site of a normal root growth (22) . Auxin is known to play a major role in the rooting process regulation of many plants and in rhizogenesis induction (1, 29) . These facts brought us to wonder whether the mutation has modified auxin metabolism or if the mutation concerned one or several rhizogenesis regulating system related to the mechanism of auxin action.
The high IAA levels could be explained by, at least, two hypotheses. First, this increase in the IAA content in the mutant root we have measured could be due to a high synthesis, or suppressed degradation or conjugation processes. The very high IAA levels could be the result of the lack or inactivation of the IAA catabolism enzymes. For instance, if the IAA oxidase activity was reduced, the IAA would stay at high levels. As the pericyclic cells of the mutant root were unable to form new root primordia, the theoretical increase of this enzymatic activity during the rooting process postulated by Gaspar et al. (12) may have not occurred. These authors have shown a temporary peroxidasic activity reaching a maximum during the root induction phase which can, therefore, be distinguished from the initiation phase. The different free IAA levels we measured in the two tobacco genotypes could have been explained by different rates of IAA conjugates being formed. These conjugates could be storage forms or used for detoxification processes (6, 9) . But, Caboche et al. (7) have recently shown that auxin tolerance of mutant cells was not correlated with an increased rate of conjugation or breakdown of NAA or with a perturbation of NAA transport in the mutant plantlet. Furthermore, these authors thought that an alterated rate of auxin biosynthesis was probably not the basis for resistance of the mutant to NAA. These facts are in a good accordance with the hypothesis which suppose that the mutation has perturbed part of the mechanism of action of this synthetic auxin rather than its breakdown processes. But, for native auxin, it has not yet been proved that the catabolism of this hormone was different between the two genotypes.
Second, the mutation could modify some component related to the mechanism of auxin action. Recent work using protoplasts from the same wild-type and mutant tobacco as used in our work analyzed the membrane properties in relation to various concentrations of NAA and auxin analogs, and the relationship between membrane effects of NAA and its biological activity (10) . Transmembrane potential measurements performed on the two genotype protoplasts showed a decreased ability of mutant protoplasts to respond to exogenously supplied auxin. This cellular characteristic of mutants is expected to be also expressed in tissues since mutant plantlets are more tolerant than wild-type plantlets to high auxin concentration (7) . Thus, the mutation could disturb the biosynthesis of a possibly membrane-bound auxin receptor or could inactivate it. Maan et al. (18) have shown that the capacity to regenerate roots in cultured tobacco cells was absent when a membrane-bound auxin receptor was not detectable.
ABA Levels
We have shown that both mutant organs we analyzed by ELISA contained more ABA than the homologous organs in the wild tobacco. The mutant terminal bud contained about twice as much ABA as in normal tobacco, but it had smaller leaves and fewer leaf primordia. Therefore, the decrease in cellular growth could be in part due to these changes in ABA levels. However, the main difference between the two genotypes was found in the ABA levels in the roots. The abnormal root of the mutant plantlet contained seven times more ABA than the wild tobacco root. The mutant plantlet could be responding by synthesis of ABA to water stress induced by poor regulation of water entry due to the very small root. It is well known that ABA is a stress related regulatory substance (28). This could explain, in part, the lower growth rate of aerial parts since growth was similar to that of the shoot of the wild-type tobacco when the mutant tobacco was grafted onto a wild-type rootstock (23) .
Otherwise, the first steps ofrhizogenesis can occur in tissues when ABA levels are high, but root growth appears to need a decrease in the hormone content (21) . This is very close to the observations of Bottger (4) concerning the root primordia in Pisum sativum after the suppression of the apical root meristem. Bottger (4) showed that the root tips contain approximately three times more ABA than did the basipetal segments. The degeneration of the root meristem of the mutant tobacco, however, was not accompanied by a decrease in ABA. We have verified that ABA levels were always higher in mutant tobacco than in wild type along the period from the 11th to the 15th d after sowing (data not shown).
Thus, we have shown that the very small root without meristem of the mutant tobacco was very rich in ABA; however, unfortunately the involvement of ABA in rooting process has not yet been sufficiently documented to propose a credible hypothesis.
Cytokinin Levels
In all the organs analyzed we detected very low levels of cytokinin. It has been generally assumed that cytokinins are produced in dividing tissues in all parts of the plant (8) . Of all the possible sources of cytokinins, Short and Torrey (24) suggested that the root system was most likely the main site of synthesis.
We have shown that the rootless mutant tobacco contained more iP + iPA than the wild-type plantlet (Table I ). The mutant also contained more ZR level in the terminal bud than the wild one. Interestingly, these results were in accord with the findings of Kappler and Kristen (13) that showed exogenous cytokinins added to the culture medium altered the root structure of Zea mays. They observed root swelling 24 h after treatment with kinetin, zeatin, or benzyladenine. The extent of swelling was related to cytokinin concentration and duration of the treatment. Root thickening was also noticed in our mutant plantlet 13 d after sowing. Kappler and Kristen (13) noted a cortical cell separation by the formation of intercellular spaces between adjacent walls. We observed also the formation of lacunae between the cortical cells of the mutant root. Their study showed no alterations in meristem and conducting tissue in cytokinin treated samples in comparison with the control. We have also seen that the cell mitotic activity was only conserved in the pericyclic cells in the degenerated root of the scrubby plantlet, but not in the rapidly disappearing meristem. Thus, endogenous cytokinins, based on the results seen with exogenous ones, could be involved in the observed root disorganization.
We have found that iP and iPA cytokinins predominated in the tissues of the two genotypes of tobacco. We have confirmed these data during a kinetic study between the 11th and the 15th day after sowing. It could be hypothesized, based on the high iP-type contents, that mutant tobacco cytokinin metabolism was deeply altered so that first metabolites of cytokinin metabolism pathway accumulated.
In conclusion, the "sensing" of extracellular auxin is presumed to be affected in mutant NAA resistant tissues because the electrical response of the cytoplasmic membrane was shifted toward higher NAA concentrations (10) . Consequently, the mutant plantlet could modify the biosynthesisdegradation processes affecting auxin levels in tissues, by increasing the IAA biosynthesis. Thus, a likely hypothesis would be an overproduction of auxin in mutant tissues. The IAA accumulation could not be observed in mutant shoot tips because the mutant tobacco plantlets are able to translocate auxin to the root as efficiently as the wild type (7). This overproduced auxin would thus be accumulated in the roots and result in concentrations too high even to be tolerated by mutant cells (a 13-fold increase) leading to an abnormal response of root cells, to the destruction of the root meristem and to the development of a stress response. The stress could induce an increase of the synthesis of ABA and, perhaps also, cytokinin, and these events would be secondary to those resulting in the very alterated growth.
